Introduction 13
Mercury and especially methyl mercury which bio-accumulates in the aquatic nutritional 14 chain are harmful to humans and animals (e.g. Mergler 2010). GOM with its high solubility and low vapour pressure is readily washed and rained out 29 as are the particles carrying mercury (particle bond mercury. In addition, GOM is also rapidly 30 removed by dry deposition. GOM and PBM are believed to be in equilibrium (Rutter and 31
Schauer, 2007; Amos et al., 2012) . GOM is thus a major driver for the global mercury 32 deposition and is estimated to make up more than 50% of the total Hg deposition (Zhang et together with ~ 22 t/h of sewage sludge (Schütze et al., 2015) . Mercury content of lignite from 10 two seams of "Vereinigtes Schleenhain" was 0.40 and 0.49 ppm (Rösler et al., 1977) , within 11 the range between 0.16 and 1.5 ppm for eastern German lignites (Yudovich and Ketris, 2005) . 12
No data about mercury content of the sewage sludge are available. The flue gas is directed 13 through an electrostatic filter and a flue gas desulfurization (FGD) system to reduce particle 14 and SO 2 emissions. The FGD is using wet washing with CaO suspension with added sulfidic 15 precipitant and removes ~ 80% of mercury (Schütze et al., 2015 The measurement campaign described above was performed with a CASA 212 two engine 31 turboprop aircraft (Fig. 1a) operated by Compagnia Generale Ripreseaeree 32 (http://www.terraitaly.it/). The CASA 212 with a maximum payload of 2.7 tons can carry the 1 measurement instruments, different service instruments, the power supply, two pilots, and 5 2 operators. With a normal cruising speed of ~ 260 km h -1 its range is ~ 1600 km. Although the 3 maximum flight level of the unpressurized aircraft is 8500 m, the maximum altitude of 4 ETMEP-2 flights without oxygen supply was limited to ~3000 m above sea level (a.s.l.), 5
The aircraft was equipped with a gas inlet system (Fig. 1b) which had been developed and 6 manufactured at the Helmholtz-Zentrum Geesthacht. The gas inlet was designed for the 7 cruising speed of the CASA 212 of ~ 72 m s -1 . A diffuser tube reduced the air speed to ~ 5 m 8 s -1 . About 120 l min -1 (ambient conditions) enters the inlet. The air sample is taken in the 9 centre of the diffuser tube with a flow rate of ~ 25 l min -1 . The remaining flow of 95 l min -1 is 10 directed to the back of the inlet where the air speed is increased by a nozzle and the air exits. 11
By replacing the inlet and outlet nozzle with smaller or larger ones, this inlet system can be 12 fitted to other aircraft with a different cruising speed. In the expanded area (behind the main 13 sample line) the air temperature (T), static pressure (p), and relative humidity (rH) are 14 measured. To avoid adsorption losses of sticky trace gases, the internal surface of the inlet 15 system was coated with Teflon and only PFA tubing was used for the sampling lines. The 16 outside of the inlet was coated with copper to avoid electrostatic charging. The inlet was 17 fastened onto a 90 cm long telescope tube (6 cm diameter) which was mounted in a hole on 18 the floor fuselage via a sliding guide. After take-off, the tube was pushed down by ~40 cm 19 from inside the aircraft, to ensure that the inlet nozzle is outside the aircraft boundary layer. 20
Before landing the tube was pulled back into the aircraft to protect it from damage by objects 21 whirled up by the front wheel. The inlet and the telescope tube were equipped with heaters to 22 prevent icing but during the ETMEP measurements the heating was always switched off 23 because the measurement flights were carried out in summer at altitudes below 3000 m a.s.l. 24
The tubing from the inlet to instruments (~2.5 m long 3/8'' O.D. main sample tube with PFA 25 manifolds to instruments) was not heated. The temperature inside the cabin was 18 to 30°C. 26
The aircraft was equipped with three mercury measurement instruments: a Lumex 27 RA-915AM, a Tekran 2537B, and a Tekran 2537X (cf. Tab. 1). The Lumex RA-915 AM is 28 based on atomic absorption spectroscopy (AAS) with Zeeman background correction 29 (Sholupov et al., 2004 ) and as such measures specifically only gaseous elemental mercury 30 (GEM) with a temporal resolution of 1 s. Its raw signal is noisy (about ± 4 ng m -3 with a 31 temporal resolution of 1 s) and is dependent on pressure and temperature. Nevertheless, the 32 fast response of the instrument is very useful to detect GEM in rather narrow highly 1 concentrated plumes at a cruising speed of about 72 m s -1 . Because of thermal drifts, its zero 2 was measured every 4 min for 1 min using an internal active carbon zero air cartridge. 3
The Tekran 2537B and 2537X analysers are based on preconcentration of mercury and its 4 compounds on gold traps (Slemr et al., 1979) , thermodesorption, and detection by cold vapour 5 atomic fluorescence spectroscopy (CVAFS). Although CVAFS can detect only GEM, 6 mercury compounds are converted to GEM during adsorption or thermodesorption (Slemr et 7 al., 1978) and, consequently Tekran instruments can measure total gaseous mercury (TGM). 8
The instruments use two gold traps to ensure a continuous measurement: while one is 9 adsorbing mercury during sampling, the other one is being analysed and vice versa. therefore, we expect the uncertainty to be similar. 28 Direct estimation of the GOM concentrations was made using three manual KCl denuder 29 samples taken during the vertical profiles: one downwind of the Lippendorf CFPP, one 30 upwind over the city of Leipzig (both on August 21, 2013), and one over the GMOS master 31 site "Waldorf" in northern Germany on August 22 (Fig. 2) . For sampling, the KCl denuders 32 were connected to a bypass of the main sampling line about 1.2 m downstream the above 1 described Teflon coated gas inlet. The sampling flow rate was controlled with a mass flow 2 controller downstream the KCl denuder and was set to 6.4 l/min at standard temperature and 3 pressure (STP; T=273.15 K, p=1013.25 hPa), corresponding to ~ 10 l/min at ambient 4 temperature and pressure in 3000 m a.s.l. The sampling time was 1 hour or longer, 5 corresponding to a total sample volume of 600 litres or more. The KCl denuder was kept at 6 constant temperature of 50°C using a heater band. Two blank samples were also taken using 7
KCl denuders and handled exactly in the same way as the samples (denuder preparation, 8 installation to sampling setup, storage, analysis) but without sucking sample air through them. 9
Five days before the ETMEP-2 campaign started all denuders were prepared for sampling by 10 coating with KCl and were purged at 500°C for 60 min in a Tekran 1130 speciation unit with 11 mercury free air from a Tekran active carbon zero air cartridge. During the heating mercury in 12 the flushing air downstream the KCl denuders was measured with a Tekran 2537B mercury 13 analyser to ensure that mercury was quantitatively removed from the KCl denuders. After the 14 campaign the KCl denuders were analysed for their total GOM loads in the laboratory using 15 the same setup as for the denuder preparation. The lower detection limit was estimated to be 1 16 Table 1 . Uncertainties were calculated 31 according to the individual instrument uncertainty given by the manufacturer and the 32 calibration gas accuracy (CO, O 3 , SO 2 , NO). All instruments were protected from aerosols 1 using PTFE filters (0.2 µm pore size). Model meteorological data like potential vorticity, 2 equivalent potential temperature, relative and specific humidity, cloud cover, cloud water 3 content, three-dimensional wind vector, as well as five day backward trajectories were 4 calculated every 150 s along the aircraft flight tracks for additional information. These 5 calculations are based on meteorological analysis data from the European Centre for Medium-6
Range Weather Forecasts (ECMWF) and the TRAJKS trajectory model (Scheele et al., 1996) . 7
Before take-off all instruments were warmed up for at least 45 minutes, using an external 8 ground power supply. During the starting of the engines the power was interrupted for less 9 than 3 minutes. Since 45 minutes were too short to stabilize the Tekran 2537 internal 10 permeation source, the Tekran instruments were calibrated only after each measurement flight 11 before the engine shut down using the internal permeation source. All data were recalculated, 12 using the post flight calibrations. Before and after the ETMEP-2 campaign the permeation 13 rate of the internal permeation source was checked by manual injection of a known amount of mercury analysers before and after the ETMEP-2 campaign showed a good agreement with a 27 difference of less than 5%. The CO instrument calibration takes 60 seconds and was, 28 therefore, performed during the flights every 20 minutes with external calibration gas. The O 3 , 29 SO 2 , NO/NO 2 instruments have a fairly constant signal response and were thus calibrated 30 before and after the ETMEP-2 measurement campaign. Multipoint SO 2 and NO calibrations 31 were made using dilution (Environics 300E calibrator) of certified standard gases. NO 2 32 conversion efficiency was determined using gas phase titration. The factory calibration was 33 used for the pressure, temperature and relative humidity sensors. The measurements were 1 synchronized using their individual delay and response times. Please note that all mercury 2 (TGM, GEM, and GOM) concentrations are reported at standard temperature and pressure In the altitude range 1600 m a.s.l. to 2200 m a.s.l. not only mercury, but also SO 2 was 6 significantly increased (from 1.6 ppb to 21.4 ppb), which clearly indicates that the mercury 7 was emitted from the CFPP. Inside the plume (leg 6), the O 3 concentration was slightly 8 decreased to 42.3 ppb. At the same time NO and NO 2 increased to 6.1 ppb and 8.9 ppb, 9 respectively. Outside the plume (e.g. leg 4) O 3 was 48.5 ppb, NO was below the detection 10 limit, and NO 2 was ~1.5 ppb. This indicates O 3 depletion due to NO oxidation inside the 11 plume (cf. Fig. 4 transport from the stack to the location of aircraft interception and during ~ 20 min of the 7 repeated plume interceptions. In addition, the large SO 2 , NOx, and Hg enhancements in the 8 plume make the calculated ΔHg/ΔSO 2 and ΔNOx/ΔSO 2 ERs insensitive to small changes in 9 background SO 2 , NOx, and Hg concentrations. This is not always the case for small ΔCO and 10 negative ΔO 3 (negative because O 3 is consumed by rapid oxidation of NO to NO 2 ) relatively 11 to their background mixing ratios. In addition, the CO background mixing ratios changed 12 substantially from ~123 to 105 ppb during the plume crossing #4 and #5 on August 21 due to 13 altitude change. ΔHg/ΔCO for these plume interceptions was thus not calculated. opposite to the correlation method, the uncertainty of ERs is difficult to quantify. We 7 overcome this difficulty here by averaging the ERs from individual plume crossings and 8 taking their standard deviation as a measure of ER uncertainty. 9
The Hg/SO 2 ERs are listed in Table 2 were calculated by integral method using the Tekran measurements. As mentioned before, the 28 high background CO mixing ratios and relatively small CO enhancement in the plume make 29 the integral method quite sensitive to the chosen background. For this reason we believe 5.2 30 and 9.4 µmol mol -1 from correlation method for August 21 and August 22, respectively, to be 31 more reliable. The Hg/CO emission ratio from the 2013 annual emissions reported by the 32 operator is 7.6 µmol mol -1 , in reasonable agreement with our measurements. Hg/CO ERs of 1 this magnitude have never been observed so far in the plumes detected during the CARIBIC 2 flights (Slemr et al., 2014) . This is probably because only large plumes extending over several 3 hundreds to few thousands of km can be detected by these flights. Their Hg/CO ERs are then 4 a mixture of Hg/CO ERs from point sources embedded in plumes from larger industrial and/or 5 urban areas. 6
Simultaneous NOx and SO 2 measurements allow us to calculate also the NOx/SO 2 ERs which 7 are listed in Table 4 E.S., Galarneau, E., Rutter, A.P., Gustin, M.S., Steffen A., Schauer, J.J., Graydon, J.A., Louis, 12 V.L.St., Talbot, R.W., Edgerton, E.S., Zhang, Y., and Sunderland, E.M.: Gas-particle 13 partitioning of atmospheric Hg(II) and its effect on global mercury deposition, Atmos. Chem. Tables  1   Table 1 : List of instruments in the CASA 212 research aircraft. The acronyms are: 2 GEM = gaseous elemental mercury; GOM = gaseous oxidized mercury. 3 * The aircraft inlet system transmission efficiency for GOM was not tested because no GOM sources 4 were available for measurements during the flight. determined to be at 2150 to 2250m a.s.l.. All Hg concentrations are given at standard 7 temperature and pressure (STP; T=273.15 K, p=1013.25 hPa). 8
